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Abstract We use the Cassini Radio and Plasma Wave Science/Langmuir probe measurements of the
electron density from the ﬁrst 110 ﬂybys of Titan to study how Saturn’s magnetosphere inﬂuences Titan’s
ionosphere. The data is ﬁrst corrected for biased sampling due to varying solar zenith angle and solar
energy ﬂux (solar cycle eﬀects). We then present results showing that the electron density in Titan’s
ionosphere, in the altitude range 1600–2400 km, is increased by about a factor of 2.5 when Titan is located
on the nightside of Saturn (Saturn local time (SLT) 21–03 h) compared to when on the dayside (SLT 09-15 h).
For lower altitudes (1100–1600 km) the main dividing factor for the ionospheric density is the ambient
magnetospheric conditions. When Titan is located in the magnetospheric current sheet, the electron
density in Titan’s ionosphere is about a factor of 1.4 higher compared to when Titan is located in the
magnetospheric lobes. The factor of 1.4 increase in between sheet and lobe ﬂybys is interpreted as an eﬀect
of increased particle impact ionization from ∼200 eV sheet electrons. The factor of 2.5 increase in electron
density between ﬂybys on Saturn’s nightside and dayside is suggested to be an eﬀect of the pressure
balance between thermal plus magnetic pressure in Titan’s ionosphere against the dynamic pressure and
energetic particle pressure in Saturn’s magnetosphere.
1. Introduction
Saturn’s largestmoon Titan has a dense and extended atmosphere, mainly populated by N2 and CH4 but with
a wealth of less abundant species present, including heavy organic molecules. Titan is the only moon in the
solar systemwith suchadenseatmosphere. It is particularly interesting to study since theatmosphere reminds
that of the early Earth, before life evolved. Plasma processes in the upper part of Titan’s ionized atmosphere
are crucial to study if we want to understand the evolution of Titan’s atmosphere and ionosphere.
The neutral particles in Titan’s atmosphere are ionizedmainly by the extreme ultraviolet (EUV) radiation from
the Sun and to a lesser extent from impacting energetic particles and charge exchange processes, and a
complex exosphere and ionosphere are formed. The ionosphere is dominated by HCNH+ and C2H
+
5 ions
[Cravens et al., 2006; Vuitton et al., 2007], while many other ion species exists, including heavy positive and
negative ions [Coates et al., 2007; Coates, 2009;Waite et al., 2007; Crary et al., 2009;Wahlund et al., 2009; Ågren
et al., 2012; Shebanits et al., 2013; Wellbrock et al., 2013]. The complex chemistry in the ionosphere eventu-
ally leads to the formation of aerosols and heavy organic molecules [Lavvas et al., 2013] out of which some
are deposited on the surface of the moon. To fully understand this process, it is important to understand all
sources of ionization at Titan aswell aswhat drives the dynamics in Titan’s upper atmosphere and ionosphere.
Titan’s ionosphere was ﬁrst observed by measurements from the Voyager ﬂyby [Bird et al., 1997], and since
the arrival of Cassini in 2004 and its many ﬂybys of the moon, the knowledge has increased signiﬁcantly.
Wahlund et al. [2005] presented the ﬁrst measurements of the cold plasma properties in the ionosphere from
the ﬁrst two ﬂybys, TA and TB. Backes et al. [2005] presented the ﬁrst magnetic ﬁeld measurements from the
induced magnetosphere of Titan, which is formed as the corotating magnetosphere of Saturn interacts with
the ionosphere of Titan.
Titan orbits Saturn at a distance of about 21 RS (1 RS = 60,268 km) with an orbital period of about 16 days.
The corotating ﬂow in Saturn’s magnetosphere is subsonic, and so no bow shock is formed upstream of
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Titan, while a weak pileup of draped magnetic ﬁeld and an induced magnetosphere is formed. Several
modeling eﬀorts have been undertaken to understand the structure and formation of Titan’s ionosphere.
Cravens et al. [2006] and Ågren et al. [2007] both studied magnetospheric impact ionization and found that it
was a likely contributor to especially the Titan nightside ionosphere. Cravens et al. [2008] showed that precip-
itating ions could contribute signiﬁcantly to the ionization at and below the peak altitude (∼1100 ± 100 km).
Solar EUV is, however, the dominating source for ionization on the dayside [Ågren et al., 2009; Edberg et al.,
2013a; Vigren et al., 2013], while electron impact ionization has been shown to be more important on the
nightside [Ågren et al., 2007; Vigren et al., 2015].
The variability of the structure of Titan’s ionosphere and induced magnetosphere is large, partly due to the
large variations in the ambient plasma and ﬁeld conditions in Saturn’s magnetosphere [Rymer et al., 2009;
Smith and Rymer, 2014; Simon et al., 2010, 2013]. These authors found that Titan can be located either in the
magnetodisc current sheet, which is ﬁlled with ∼200 eV electrons [Arridge et al., 2009], or in the less dense
but hotter magnetospheric lobe or in a mixture of diﬀerent ambient conditions. From those studies it can be
concluded that dynamics in the ambient plasma conditions are present and substantial on both the dayside
and on the nightside of Saturn. The ambient plasma conditions can change on timescales shorter than the
lengthof aﬂyby through the ionosphere (∼30min). Luhmannetal. [2012] tried todisentanglemagnetospheric
eﬀects on Titan from the ﬁrst 6 years of measurements (60 ﬂybys) using a multi-instrument approach and
mainly studieddata belowan altitudeof 1400 km. They concluded that the variabilitywas large and thatmany
factors contributed to the variability without being able to see any systematic trends. Westlake et al. [2011]
looked at thermospheric (altitude range 1000–1500 km) densities for various ambient conditions. They found
that when Titan was located in the plasma sheet, the thermospheric neutral density was signiﬁcantly higher
than when Titan was located in the magnetospheric lobes.
Titan is normally locatedwithin Saturn’s magnetosphere andmostly encounters magnetospheric plasma and
ﬁelds as it orbits the planet. However, on the dayside of Saturn, the solar wind dynamic pressure will occa-
sionally push the Saturn magnetopause, which has a typical standoﬀ distance of 22–27 RS [Achilleos et al.,
2008], closer to the planet. If Titan is located close enough to the subsolar point of Saturn at that time, the
magnetopause can move to inside of the orbit of Titan. Titan will then experience the plasma in the magne-
tosheath of Saturn, or even in the solar wind, rather than the magnetosphere. However, such events are rare.
During the T32 ﬂyby Bertucci et al. [2008] reported on the existence of long lasting drapedmagnetic ﬁeld lines
(“fossil ﬁelds”) which stayed for several hours as Titan traversed the Saturnmagnetopause.Garnier et al. [2009]
also studied the T32 ﬂyby in terms of plasma observations and pressure balance in the induced magneto-
sphere but found no signiﬁcant alterations to its structure. From the T42 ﬂyby Wei et al. [2011] reported on
unusually highmagnetic ﬁeld strength and pressure in Titan’s ionosphere and linked that to a high solar wind
dynamicpressure event. Edbergetal. [2013b] studied theT85ﬂybywhenTitanmoved into themagnetosheath
during a solar wind pressure pulse impact. They observed that the ionospheric electron densities were the
highest ever observed at Titan during that pass, possibly due to increased particle impact ionization around
the ionospheric peak altitude. There is a great variability in the Titan interaction with the ambient plasma
which has enabled many case studies of individual ﬂybys. Moreover, Bertucci et al. [2015] presented a unique
case when Titan was located in the solar wind while Cassini performed a ﬂyby through the induced magne-
tosphere of the moon. It was found that the Titan-solar wind interaction very much resembles that of Mars’
and Venus’. Motion of the dayside plasma boundaries and regions is one reason for the observed variability
in the ambient conditions, which in turn can modify the structure of Titan’s ionosphere.
On the nightside of Saturn, there are other features in Saturn’s dynamic magnetosphere that may inﬂuence
Titan’s plasma environment. The ﬂapping (a temporal eﬀect) and hinging (a seasonal eﬀect) of the current
sheet [e.g.,Arridge et al., 2011; Simonetal., 2010], possibly driven by changing conditions in the upstream solar
wind, will set Titan either in the lobe (north/south), plasma sheet, or in the middle of the current sheet itself.
This ought to have an eﬀect on the structure of the ionosphere and inducedmagnetosphere. The plasma ﬂow
patterns in Saturn’s tail are predominantly in the corotation direction but have been observed to be some-
what asymmetric across midnight. In the postmidnight sector, the plasma ﬂow was reported to deviate from
the ideal corotational direction and the ﬂow tended to be more tailward outside of about 30 RS [McAndrews
et al., 2009, 2014]. Subsequently, Thomsen et al. [2013, 2014] used the same instrument but a diﬀerent tech-
nique to obtain the plasma parameters. They found that most ﬂows were in the corotational direction. In the
premidnight sector therewas some evidence of inward ﬂowbut a noteworthy lack of tailward-ﬂowingplasma
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(outﬂow), while in the postmidnight sector the situation was reversed, with some evidence of outward ﬂow
and little or no inward ﬂow.
Furthermore, Saturnmagnetospheric tail dynamics in terms of reconnection events, plasmoids, and traveling
compression regions have been observed in the tail region of Saturn, and the occurrence rate has been shown
to be asymmetric across midnight [Jackman et al., 2011, 2014]. Following the model by Cowley et al. [2004],
reconnection on closed ﬁeld lines (associated with the Vasyliunas cycle) should occur predominantly in the
dusk sector, while reconnection on open ﬁeld lines (associated with the Dungey cycle) should occur on the
dawn side. As Thomsenet al. [2013] foundno evidence for outward ﬂow in the dusk sector they suggested that
theplasmoids formed fromreconnectionon thedusk sidewere trapped inouter closedﬁeld lines and released
only when having reached the dawn ﬂank and that once such plasma has passed midnight, reconnection of
open ﬁeld lines could begin and plasma could ultimately be released downtail.
Energetic neutral atoms (ENA) emissions are also a prominent feature in Saturn’smagnetosphere [e.g.,Mitchell
et al., 2005]. The ENA emission usually peaks inside the orbit of Titan, closer to 15 RS where the energized
particles from the tail interact with the neutral torus and are also asymmetric across midnight but with
the peak intensities normally in the premidnight sector, for both energetic hydrogen and oxygen [Carbary
et al., 2008].
In this paper we will present results showing that the electron density in the ionosphere of Titan is depen-
dent on the Saturn local time (SLT), as well as on the ambient magnetospheric conditions. The results are
produced afterwe have corrected for biased sampling at diﬀerent solar zenith angles (SZAs) andphases of the
solar cycle.
2. Instruments and Orbital Geometry
The Cassini spacecraft carries the Radio and Plasma Wave Science/Langmuir probe (RPWS/LP) instrument
[Gurnett et al., 2004;Wahlund et al., 2005]. The LP consists of a spherical shell with a diameter of 5 cm, which is
fastened on a short stub. The stub and spherical shell are mounted on a boom extending 2 m away from the
main spacecraft bus. During Titan ﬂybys, the LP is normally run in “sweepmode” where the bias potential fed
to the probe is swept from−4 to +4 V. Depending on the sign of the potential, the probe collects either ions or
electrons and the resulting current ismeasured. One sweep is completed every 24 s. From the voltage-current
characteristics physical parameters of the ambient plasma can be derived, such as electron density Ne and
electron temperature Te but also ion density, mean ionmass, and bulk ﬂow speed as well as spacecraft poten-
tial. In this paper we will solely use the electron density obtained from the sweeps. The error of the electron
density estimates is typically within 10%, when the density is above 100 cm−3. This error comes from tests of
instrument performance. A density of 100 cm−3 is typically reached at an altitude of about 1500–2000 km
above the surface of Titan. For lower densities the error would be higher and densities below about 5 cm−3
are not reliably detectable by the LP when in sweep mode. The theory behind going from current-voltage
curves to physical plasma parameters is rather complicated and will not be described in any detail here. It fol-
lows the work of Mott-Smith and Langmuir [1926], Medicus [1962], Whipple [1965], and Fahleson et al. [1974]
and ismore thoroughly described, e.g., by Edberg et al. [2011],Morooka et al. [2011], and Shebanits et al. [2013].
Recent work has also shown that the LP under certain conditions is capable of detecting negative ions [Ågren
et al., 2012; Shebanits et al., 2013], as well as energetic electrons [Garnier et al., 2013].
In this study we will also use solar energy ﬂux Fe measurements from the solar EUV experiment (SEE) on the
Thermosphere IonosphereMesosphere Energetics andDynamics (TIMED) spacecraft, which is in orbit around
the Earth [Woods et al., 2005]. The TIMED/SEE instrument measures the spectral irradiance of the Sun, which
is integrated to solar energy ﬂux for wavelengths up to 90 nm (90 nm being the ionization threshold of N2).
We use daily averages of those measurements extrapolated to the orbit of Saturn. The extrapolation takes
into account the solar rotation and radial distance, and a tool package for this is available on the TIMED-SEE
webpage http://lasp.colorado.edu/lisird/tools.html.
We will also use the in situ magnetic ﬁeld measurements from the magnetometer (MAG) on Cassini, down-
sampled to 1 min resolution [Dougherty et al., 2004].
The coordinate systems used in this paper are the Titan interaction (TIIS) coordinate system and the ecliptic
coordinate system. In theTIIS systemthe x axis is parallel to the corotational ﬂowdirection, the y axis is directed
toward Saturn, and the z axis completes the right-handed system. In the Titan centered ecliptic coordinate
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Figure 1. RPWS/LP measured electron density averaged in 0.1 × 0.1 RT bins around Titan in (a) cylindrical TIIS
coordinates together with (b) number of data points in each bin. (c and d) The same as shown in Figures 1a and 1b but
in cylindrical ecliptic coordinates. The data is gathered from ﬂyby TA to T109. Altitudes of 1000 km, 1700 km, and
2400 km are indicated by black dashed circles.
system, the x axis points toward the Sun, the y axis is formed by the cross product of the x axis and the normal
to Titan’s orbital plane, and the z axis completes the right-handed system.
3. Observations of Titan’s Cold Electron Plasma
Figure 1 shows the electron densitymeasured by RPWS/LP color coded on amap in cylindrical coordinates, in
both the TIIS (Figure 1a) and in the ecliptic coordinate system (Figure 1c) to illustrate the data coverage and
the general structure of the cold ionospheric plasma around Titan. The measurements from all Titan ﬂybys
that have occurred until February 2015 are included (TA–T109). The electron density is averaged in bins over
0.1 × 0.1 RT (1 RT = 2575 km), and the number of data points in each bin is displayed in Figures 1b and 1d,
respectively. Only densities above 5 cm−3 are included. One can see from Figure 1a that the cold ionospheric
plasma above the ionospheric main layer has generally been transported in the downstream direction and
reachdensities above 10 cm−3 well beyond2 RT during someﬂybys. On the ram side, highdensity at suchhigh
altitude is much rarer, if existing at all. The corotating plasma ﬂow from Saturn’s magnetosphere is evidently
driving lots of the dynamics in the upper parts of Titan’s exosphere/ionosphere. In Figure 1c the ionospheric
density on the dayside in the ionosphere proper, at a distance below 2 RT from the centre of the moon, is
clearly much higher than the nightside values. This illustrates how the solar radiation is the main ionization
source on the dayside of Titan.
To illustrate the dependence on solar radiation, SZA, and ram angle in more detail, we show in Figure 2 the
electron density as a function of altitude and solar energy ﬂux Fe (Figure 2a), SZA (Figure 2c), ram angle
(Figure 2e), and the corresponding data density (Figures 2b, 2d, and 2f). In Figure 2a the electron density is
averaged in bins of 1.5 μW m−2 × 75 km. The data density is uneven with more data points at lower solar
energy ﬂux. This is because most of the Titan ﬂybys have occurred during the previous solar minimum (solar
cycle 23/24) when the solar ﬂuxes were low. Nevertheless, up to an altitude of at least ∼1700 km, the density
seems to increasewith increasing solar energy ﬂux. Figure 2c shows the same densitymeasurements but now
as a function of SZA and altitude and averaged in bins of 5∘ × 50 km. The number of data points for these bins
(Figure 2d) shows that there are more measurements toward lower SZAs, since more ﬂybys have traversed
the ionosphere on the dayside than on the nightside of Titan. The trend is still clear—the electron density is
higher at lower SZAs and at lower altitudes. A similar plot has also been shown in [Shebanits et al., 2013]. In
fact, the dropoﬀ in density with increasing SZA seems valid up to an altitude of about 2000 km or thereabout.
In Figure 2e the density is shown as a function of altitude and ram angle and averaged in bins of 5∘ × 50 km.
The ram angle is deﬁned to be 0∘ in the direction antiparallel to the corotating ﬂow and 180∘ in the direction
parallel to the ﬂow. Ram angles around 90∘ are signiﬁcantly better sampled than elsewhere. At low altitudes
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Figure 2. Electron density averaged in (a) 75 km × 1.5 μWm−2 altitude and solar energy ﬂux bins, (c) in 50 km × 5∘
altitude and SZA angle bins, (e) in 50 km × 5∘ altitude and ram angle bins. (b, d, and f ) Number of data points in
each bin.
there does not appear to be any clear dependence on density with ram angles except near 1000 km and ram
angle of 100–150∘, where the density appears higher. However, these data points are also located at low SZAs
where the photoionization is high and causes this higher density. At higher altitudes, above 1500 km, there is
possibly a trend of increasing densities with increasing ram angle.
While there is an apparent, and already established, dependence of the ionospheric electron density on both
solar radiation and SZA, there are other factors that could be important for controlling the structure of Titan’s
ionosphere. One such factor could be the dynamics in Saturn’s magnetosphere. However, before we can test
this we need to remove the dependence on solar energy ﬂux and SZA. The Titan ﬂybys that have occurred in
the Saturn prenoon and postnoon sectors include, for instance, most of the ﬂybys that have occurred since
the beginning of the current solar maximum (of solar cycle 24) and have higher densities due to that [Edberg
et al., 2013a].
In the following sections we will describe how we remove the dependency on SZA and solar cycle and arrive
at a data set which is independent of those two parameters andwhere the data has been shifted to represent
values at the subsolar point and at solar minimum.
3.1. Removing the Fe, EUV and Ram Angle Dependence
First, since the peak altitude varies from ﬂyby to ﬂyby, we have shifted each individual altitude proﬁle so that
the peak altitude, i.e., where the electron density reachesmaximum for each ﬂyby, is always located at a com-
mon value, chosen to be themean altitude of all the peaks at 1100 km. The altitude proﬁles have been shifted
by adding or subtracting the altitude diﬀerence from 1100 km. After this we remove the dependence on SZA
and solar energy ﬂux, as described below.
EDBERG ET AL. MAGNETOSPHERIC EFFECTS ON TITAN 8888
Journal of Geophysical Research: Space Physics 10.1002/2015JA021373
Figure 3. (a) Electron density as a function of SZA and color coded by altitude interval. Data from all SLT sectors are included. The colored lines show least
squares ﬁts to the data in 100 km altitude intervals, ranging from 1100 to 2400 km of the form as shown on the top of Figure 3a. (b) The parameters of the ﬁts
from Figure 3a as a function of altitude. The ﬁts in Figure 3b are used to detrend the data from the SZA variation, and the result is shown in Figure 3c. (d–f ) Same
as for Figures 3a–3c but for solar energy ﬂux rather than SZA. (g) The electron density altitude proﬁles with uncorrected data and (h) the electron density
altitude proﬁles with corrected data.
According to Chapman theory, the density at the ionospheric peak, where photochemistry dominates, should
decrease with SZA according to Ne = a ⋅ cos1∕2(b ⋅ SZA), where a is a free parameter and b = 1. However,
at higher altitudes this relation might not strictly be a cosine dependence, and also, due to the extended
exosphere of Titan, the SZA dependence is seen to extend to beyond a SZA = 90∘. To investigate the SZA
dependence at diﬀerent altitudes, we plot the electron density Ne as a function of SZA in altitude intervals of
75 km in Figure 3a. We then ﬁt curves of the form
n = a ⋅ cos(b ⋅ SZA) (1)
to the data in each altitude range. The density follows the cosine dependence (rather than a cos1∕2 depen-
dence) at the lowest altitudes (darker lines) close to the peak altitude but also at higher altitudes. The
parameters a(r) and b(r) of each of those ﬁts are shown, as a function of altitude, in Figure 3b. The error bars
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Figure 4. (a) Location of the Cassini Titan ﬂybys shown projected on the x-y plane in the Saturn-centered ecliptic
coordinate system. Noon is to the right, midnight to the left, dusk is up, and dawn is down in the ﬁgure. The colors
correspond to in which SLT sector they occur. (b) Altitude proﬁles of the mean electron density (in altitude intervals of
75 km) from all the data retrieved in the respective SLT sectors. The data is corrected for solar cycle and SZA variations.
(c–f ) Each individual electron density altitude proﬁle obtained by RPWS/LP from the respective SLT sector. The grey
lines show all obtained altitude proﬁles from the Cassini mission for easier comparison between panels. Note that the
electron density altitude proﬁles in the night sector (green and blue lines) stands out in terms of highest densities.
show the goodness of the ﬁts. There is a clear exponential dependence on how the parameter a(r) varies with
altitude, while b(r) is rather steady around 0.5. The solid lines (green and red) in Figure 3b are exponential
least squares ﬁts to the parameters a(r) and b(r), respectively. The electron density seems to be sensitive to
SZA all the way up to 2400 km, and the scale factor (the parameter a(r)) smoothly decreases with altitude.
Above 2400 km the number of data points decrease and the measurement errors grow larger. It is not unex-
pected that the SZAdependence is strong at lower altitudes in a similar way as the solar EUV ﬂux dependence,
since both of these factors indicate how much sunlight is available to ionize the atmospheric neutrals.
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Figure 5. Same as Figure 4b except that the
uncorrected data are used here.
As a second step we remove the SZA dependence by
accounting for the SZAdependence at the altitude atwhich
the measurements are made, according to
Ne,SZA(r) =
Ne(r)
cos(b(r) ⋅ 𝜃SZA)
, (2)
where r is the altitude. Ne,SZA is now the SZA independent
density and is plotted in Figure 3c with the same color
coding for diﬀerent altitude ranges as in Figure 3a.
As a next step we wish to remove the dependence on solar
ﬂux. According to Chapman theory, the density at a given
altitude should be proportional to the ionizing ﬂuxNe ∝ Fke ,
where the exponent k = 0.5. Although the strict square
root dependence appears to be valid at the ionospheric
peak of Titan [Edberg et al., 2013a], it might not be valid at
higher altitudes in the ionosphere where photo ionization
might not be the main controlling process or, more speciﬁ-
cally, where photochemistry is not dominating over plasma
transport processes or impact ionization processes or the dominant loss-process could be either recombi-
nation or attachment or where the ionospheric scale height increases at a higher rate than the plasma is
produced. To investigate the dependence on solar ﬂux at diﬀerent altitudes, we plot the electron density as
a function of solar energy ﬂux Fe in 75 km altitude intervals from 1100 km up to 2400 km, in Figure 3d, in the
same way as we did above for the SZA. We ﬁt a linear curve (in lin-log space) of the form
n = cFk, (3)
to the data in each altitude interval. In Figure 3e we plot the parameters c(r) and k(r) as a function of altitude
together with exponential ﬁts. The error bars show the goodness of the ﬁts. The ionosphere seems sensitive
to EUV variations throughout the ionosphere, but the dependence gets weaker with altitude. As a next step
we remove the solar EUV dependence and account for the EUV variations in order to get a EUV independent
electron density according to
Ne,EUV(r) =
Ne,SZA(r)
c(r)Fk(r)e
Nmax(r) (4)
where Nmax(r) is equal to the maximum density in each altitude interval. We multiply by this constant to get
the density values to represent those of solar maximum conditions. Ne,EUV = Ne,corrected is now the SZA and
solar ﬂux independent electron density.
As a third and ﬁnal stepwewish to remove the ram zenith angle dependence.We have performed in principle
the same investigation as for the SZA and solar ﬂux but found no clear trend of the electron density variation
with the ram angle. Hence, we conclude that the ionospheric density is not particularly dependent on the
ram angle in the altitude range up to 2400 km. Although a dependence could be seen for higher altitudes in
Figure 2e, this dependence seems to have been removed when accounting for the solar energy ﬂux and SZA
variations.
TheuncorrectedelectrondensityNe is plottedas functionof altitude in Figure3g, and theﬁnal, corrected, elec-
tron densityNe,corrected, which is in principle EUV and SZA (and ram angle) independent, is plotted in Figure 3h.
This includes data from all ﬂybys. As can be seen when comparing Figures 3g and 3f, some reduction in the
variability of the data has occurred at the lower altitudes. At higher altitudes the density still shows rather
great variability. The density has in general been shifted to higher values since in the two detrending steps
described above, we have in principle shifted all the data to be that of maximum solar ﬂux values and at the
sub solar point (SZA = 0∘).
Although the procedure to correct the data for biased sampling at diﬀerent SZA and solar ﬂuxes as described
above is rather straight forward, it might not be the only way of correcting the data. A multiparameter ﬁt
would also have been an option but the approach described here should be suﬃcient for our purposes.
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Figure 6. (a) Location of the Cassini Titan ﬂybys shown projected on the x-y plane in the Saturn-centered ecliptic
coordinate system. Note that the radial distances are shifted slightly to avoid plotting on top of each other. Now the
colors correspond to in which Saturn magnetospheric ambient conditions the individual ﬂyby occur in. (b) Altitude
proﬁles of the mean electron density (in altitude intervals of 75 km) from all the data retrieved in the respective group
of ambient conditions. The data is corrected for solar cycle and SZA variations. Note that if following the categorization
by Rymer et al. [2009] and Smith and Rymer [2014], the sheet ﬂybys have the overall highest mean density below
1600 km, rather than the “changing” category as shown here. (c—f) Each individual electron density altitude proﬁle
obtained by RPWS/LP from the group of ambient conditions. The grey lines show all obtained altitude proﬁles from the
Cassini mission for easier comparison between panels.
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Figure 7. Same as Figure 6b except that the
uncorrected data are used here.
We have tested the robustness of the above technique by
altering the order of which parameter to correct for. Above
we began by correcting for solar EUV ﬂux followed by the
SZA correction. If this order is changed, we end up with in
principle the same end result, which gives some reassur-
ance that what has been produced is correct. Also, if we
change the bin sizes, the results do not deviate signiﬁcantly.
4. Dependence on Saturn Local Time
and Magnetospheric Conditions
Now that we have the electron density estimates indepen-
dent of SZA and solar energy ﬂux, we can start to inves-
tigate other possible sources, i.e., Saturn’s magnetospheric
variability, which could control the structure of Titan’s iono-
sphere. We will investigate this by ﬁrst studying how the
Titan ionospheric density varies with SLT, since the ambi-
ent conditions are expected to, generally, be diﬀerent at
diﬀerent sectors in Saturn’s magnetosphere.
As the majority of all Titan ﬂybys have occurred in four 3 h wide SLT sectors we naturally divide the individ-
ual Titan altitude proﬁles into four subsets, deﬁned by those SLT sectors. The sectors are 00–03 h, 09–12 h,
12–15 h, and 21-00 h SLT and are illustrated in Figure 4a.
The ﬂybys during which RPWS/LP gathered data in the SZA range 0∘–120∘, ram angle range 0∘–120∘, and
altitude range 1100–2400 km and that occurred in the SLT = 00–03 h sector are T11 and T17–T23; in the
SLT = 09–12 h sector: TA, TB, T3, T8, T36, T38–T45, and T47–T51; in the SLT = 12–15 h sector: T25–T31, T77,
T83–84, and T86–96; and in the SLT = 21–00 h sector: T55–T59, T61, T62, T100, T104–105, and T107-109.
In the postmidnight sector there were eight ﬂybys from which we could use data and those occurred over
a 6 month period from July 2006 to January 2007. In the prenoon sector there were 19 ﬂybys ranging from
October 2004 to March 2009. In the postnoon sector there were 25 ﬂybys ranging from February 2007 to
March 2014. And ﬁnally, in the premidnight sector therewere 14 ﬂybys, which occurred over twoperiods from
May 2009 to October 2009 and from April 2014 to February 2015. We omit the T32, T85, and T96 ﬂybys from
this analysis since they are known to have occurred in the magnetosheath or in the solar wind.
In Figures 4c–4f we show the altitude proﬁles of the electron density from all ﬂybys in each SLT sector, and in
Figure 4b we show the mean density from all ﬂybys in each SLT sector, calculated in 75 km altitude intervals.
The error bars show standard error on the mean values. The premidnight and postmidnight ﬂybys (blue and
green lines) stand out in terms of having the highest electron density at altitudes above 1600 km compared
to the proﬁles from other sectors. The mean values at the lowest altitudes (<1600 km) in Figure 4b are quite
comparable between all four SLT sectors, although the postmidnight ﬂybys (green line Figure 4b) showhigher
densities than in all other SLT sectors. The densitymeasuredwhen Titan is on the nightside of Saturn is higher
than when Titan is on the dayside, even when including the error bars. This is valid at least above 1600 km.
Note that Titan is still in sunlight, and photoionization is occurring, when located on Saturn’s nightside.
In Figure 5we show, for the sake of completeness, the same type of plot as in Figure 4b except for thatwe now
display the uncorrected data (which is not detrended fromSZAor solar energy ﬂux andwhere the ionospheric
peak has not been shifted). The Saturn nightside ﬂybys show higher densities in this data set too, compared
to the data from the ﬂybys in the two dayside sectors.
Rather than separatingeachﬂybybywhich SLT sector it occurs in,wehave also sorted theﬂybysdependingon
the ambient conditions at the time of the ﬂyby, as determined from the classiﬁcations provided by Simonet al.
[2010] and Simon et al. [2013]. Those studies classiﬁed each ﬂyby according to if it took place when Titan was
in themagnetodisc current sheet, in the lobe of themagnetosphere (northern and southern), in an oscillating
current sheet, or during a combination of several regimes. Some ﬂybys were also unclassiﬁed due to unusual
plasmaormagnetic ﬁeld signatures. (see Table 4 in Simonet al., 2013). Presently, that table only includes ﬂybys
up to T85. We show the results in Figure 6, in the same format as Figure 4. There appears to be little eﬀect on
the Titan electron density structure above∼1600 km from the classiﬁcations of ambient conditions. However,
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Figure 8. Altitude proﬁles of the magnetic ﬁeld strength for the ﬂybys occurring on (a) the nightside and (b) the dayside of Saturn as well as (c) the mean values
of the ﬁeld strength as a function of altitude of the two subsets. The grey lines in Figures 8a and 8b are altitude proﬁles from all ﬂybys, for easy comparison
between Figures 8a and 8b.
the densities are higher in the altitude interval 1100–1600 km when Titan is located in the sheet, compared
to when in the lobe. This is in agreement withWestlake et al. [2011] who saw higher neutral densities in the
sheet compared to when in the lobe. However, this result was debated by Snowden et al. [2013] who stated
that no clear relation could be found between the neutral and the ionospheric conditions.
At higher altitudes there is no signiﬁcant diﬀerence between the diﬀerent ambient conditions, if taking into
account the error bars, which again show standard error on the mean values. At the lower altitudes (below
1600 km), the ﬂybys that are occurring under ambient conditions classiﬁed as changing, i.e., changing from
the lobe to the sheet or vice versa, during a ﬂyby, have the highest densities out of all categories. We note that
most (but not all) of those ﬂybys also occur on the Saturn nightside postmidnight.
In Figure 7 we show, again for the sake of completeness, the same type of plot as in Figure 6b except that
we now display the uncorrected data (which is not detrended from SZA or solar energy ﬂux and where the
ionospheric peak has not been shifted). The Saturn lobe ﬂybys do also show higher densities in this data set
at low altitude, compared to the data from the ﬂybys in the sheet sectors.
For the high altitudes, i.e., above about 1600 km, it appears as if the main dividing factor between low and
high electron densities in Titan’s ionosphere is whether Titan is located on the nightside or on the dayside of
Saturn. (This is after having detrended from SZA and solar cycle eﬀects). To investigate this further, we show
in Figure 8 altitude proﬁles of the magnetic ﬁeld strength |B| as measured by MAG during each Titan ﬂyby,
including only data from ram angles less than 120∘. We divide the data into nightside ﬂybys (Figure 8a) and
dayside ﬂybys (Figure 8b), and in Figure 8cwe show themean values of the two subsets. Clearly, themagnetic
ﬁeld strength at altitudes above about 1600 km is higher when Titan is on the dayside of Saturn compared
to when on the nightside, by about 2 nT or 25%. Hence, when we observe the electron density to be higher
Figure 9. Magnetic ﬁeld strength plotted as function of electron density and color coded by altitude. The data are
divided into ﬂybys occurring on the (left) dayside or (right) nightside of Saturn. The black line is a least squares ﬁt to the
data points in the altitude range 1600–2400 km. There is a trend of lower electron density for higher magnetic ﬁeld in
this altitude range.
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than average, the magnetic ﬁeld strength is observed to be lower and vice versa. In Figure 9 we show the
electron density as a function of magnetic ﬁeld strength and separated by nightside and dayside of Saturn.
There is a visible trend of lower magnetic ﬁeld strength with higher electron density, when the altitude is
above 1600 km, for the Saturn dayside ﬂybys but not for the nightside ﬂybys.
5. Discussion
We have presented evidence of that the Titan ionospheric structure, above about 1600 km, is dependent on
at what SLT Titan is located and, for Titan altitudes below 1600 km, in what the magnetospheric ambient
conditions are. On the nightside of Saturn (SLT 21-03 h) the electron densities are a factor of ∼2.5 higher
than when on the dayside (SLT 09–15 h) for altitudes above 1600 km. When Titan is located in the sheet,
the densities at altitudes below about 1600 km are a factor of 1.4 higher than when in the lobe, which is in
agreement with results fromWestlake et al. [2011].
For the higher altitudes, 1600–2400 km, the magnetic ﬁeld strength also indicates a SLT dependence and
is higher on the dayside of Saturn, where the electron density is lower than on the nightside. Conversely,
the magnetic ﬁeld strength around Titan is lower when on the nightside of Saturn where the electron den-
sity is higher. We interpret this as a consequence of the pressure balance between the magnetic pressure,
PB = B2∕2𝜇0, and the thermal pressure from the cold ionospheric plasma, Pth = nkBT , which together should
balance the sum of the dynamic pressure arising from the ﬂow in Saturn’s magnetosphere and the pressure
from the energetic plasma in Saturn’s magnetosphere. If the magnetic pressure increases, then the thermal
pressure will decrease at that altitude in reaction to the total pressure. The thermal pressure above 1600 km is
on average about a factor of 10 lower than themagnetic pressure [Edberg et al., 2010]. If themagnetic pressure
changes by 25%, then the thermal pressure will be aﬀected, which is a likely scenario on the Saturn dayside
where the solar wind pressure can cause the magnetic ﬂux tubes to be compressed and the ﬁeld strength to
increase. On the Saturn nightside, there appears to be less of a correlation between the magnetic ﬁeld pres-
sure and the thermal pressure in the altitude range1600–2400 km. Since the sumof the thermal andmagnetic
pressure is normally slightly lower than the dynamic pressure from the surrounding ﬂow, there is less of pres-
sure balance present on the nightside. The Saturnmagnetospheric energetic plasma pressure can at times be
the dominant pressure term at the orbit of Titan [Sergis et al., 2009]. It has also been shown by DeJong et al.
[2011] that there is a day/night asymmetry in the energetic electron ﬂuxes, with higher ﬂuxes on the night-
side, which could lead to enhanced impact ionoization compared to when Titan is on the dayside. However,
the day/night asymmetry reported by DeJong et al. [2011] was present at distances around 8 RS from Saturn
and so might not be relevant at the orbit of Titan.
For the lower altitudes in Titan’s ionosphere, below 1600 km it has been determined that in order to cause
additional ionization down to altitudes of 1100 km by electron impact ionization the energy required is less
than1keV [Cravensetal., 2005, 2006]. The increaseddensity below1600km inTitan’s ionosphere can therefore
be explained by whether or not Titan is in the sheet where ∼200 eV electrons are present. Generally, the
highest density ﬂybys occur when Titan is in the sheet or when there are rapid transitions between the sheet
and the lobe, as can be seen in Figure 6b. The ﬂybys that occur when Titan is in the lobe, where much fewer
energetic electrons are present, show the overall lowest electron densities in the lower part of the ionosphere.
Furthermore, an additional source of particles capable of causing particle impact ionization could potentially
come from reconnection events in the tail of Saturn. Titan is likely to be planetward of the average reconnec-
tion X line, and thus an additional source of energized ion ﬂows (associated with dipolarization of the ﬁeld
that are traveling planetward from this downtail reconnection site) could be impacting on Titan. We do ﬁnd
most of the high-density altitude proﬁles in the same postmidnight sector asmost of the signatures of recon-
nection, as observed froma vantage point tailward of the X line, have been found [Jackmanet al., 2014], which
supports that explanation. However, the density in the premidnight sector is equally high, and few signatures
of reconnection have been observed there. The lack of observations is partly because there have been fewer
orbits in the deeper dusk regions.
Interestingly, four of the nine ﬂybys in the postmidnight sector were “unclassiﬁed” in terms of what type of
ambient magnetic ﬁeld conditions was present and the magnetic environment during most of the ﬂybys
was dominated by what looked like frequent current sheet encounters and transitions from the northern to
the southern lobe [Simon et al., 2010]. There were, however, current sheet ﬂappings and frequent transitions
between lobe and current sheet during ﬂybys in other SLT sectors too, but only one other ﬂyby took place
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during “unclassiﬁed” ambient conditions. From that it seems as if the ambient magnetic ﬁeld in the postmid-
night sector is quite variable, potentially indicating that theremight bemore tail dynamics, such as the current
sheet ﬂapping modeled by [Arridge et al., 2011], in that sector than elsewhere.
Heating of the ionospheric plasma could possibly also cause the observed diﬀerence in the altitude proﬁles.
Heating could occur during plasma injection events, which have been frequently observed at Saturn in terms
of ENA emissions. Most of those events seem to peak premidnight and closer to about 10 RS [Carbary et al.,
2008]. Still, the signatures seen premidnight could possibly indicate the presence of additional energization
elsewhere in the magnetosphere and that would lead to ENA emissions in the premidnight sector and addi-
tional ionization or heating of Titan’s upper atmosphere when on the nightside and further out, at 20 RS. This
is, however, rather speculative and cannot be conﬁrmed by our measurements.
We do wish to point out that there are some uncertainties in the steps leading up to these results. The nor-
malization of the data with respect to SZA and solar ﬂux introduces further uncertainties, mainly arising from
the assumption of constancy in the solar EUV output over the azimuthal rotation of the source region from
sub-Earth to sub-Saturn. However, no alternative procedure exists for this calculation, and the eﬀects of such
short-term variations within the long-term study presented here are believed to be small, compared to the
intrinsic variability of the ionosphere, and instrumental uncertainties associated with the Langmuir probe
measurements. However, this uncertainty introduces an error that is smaller than the error bars from themean
values of the electron density altitude proﬁles. There is quite a large spread in density from one ﬂyby to the
next which should be taken into account when considering the results in this paper. Furthermore, we have
made no attempt in trying to distinguish diﬀerent ionospheric structures in the northern hemisphere com-
pared to the southern hemisphere. This could potentially be important due to seasonal eﬀects but will be
hard to distinguish from the other controlling factors in Titan’s ionosphere.
We have also looked at the ambient Saturn magnetospheric electron density, as determined by the “electron
density proxy”methodofMorookaet al. [2009] for all Titan ﬂybys up until Aug 2010 (which is the latest date for
which we have proxy data available). From that we cannot see any increased electron densities surrounding
the nightside ﬂybys, as compared to the dayside ﬂybys.
We have also classiﬁed the ﬂybys according to the scheme of Rymer et al. [2009] and Smith and Rymer [2014]
who used plasma measurements rather than magnetic ﬁeld measurements to determine which magneto-
spheric region Titan and Cassini are located in. That causes some ﬂybys to be categorized diﬀerently from
what Simon et al. [2010] and Simon et al. [2013] determined. The end result does, however, not diﬀer much,
and the sheet ﬂybys still show higher densities than the lobe ﬂybys at altitude below 1600 km. Interestingly,
using the classiﬁcation of Rymer et al. [2009] and Smith and Rymer [2014], we ﬁnd that the ﬂybys that occur in
the sheet have the overall highest density, at altitudes below 1600 km, as opposed to the changing category
in the classiﬁcation by Simon et al. [2010] and Simon et al. [2013].
It is also possible that the neutral atmosphere background is diﬀerent during some of the ﬂybys. If the neutral
densities would have been higher, then so would the ionospheric densities. If we, for instance, look at all the
ﬂybys surrounding the 6 month interval during which we have postmidnight sector ﬂybys, regardless of in
what SLT sector they occur, there is no visible trend of them all showing higher electron densities.
Although the highest mean density altitude proﬁles are found when Titan is on the nightside of Saturn, there
is a considerable variability in the density proﬁles from ﬂyby to ﬂyby. Some ﬂybys with high electron density
proﬁles are, for instance, also found on the dayside. There are few low-density altitude proﬁles found on the
nightside and especially not in the postmidnight sector, which suggests that additional ionization or heating
is often more present there than in other SLT sectors.
6. Summary and Conclusions
We have shown that the ionospheric electron density of Titan, at altitudes above 1600 km, is generally higher
when Titan is located on the nightside of Saturn, irrespective of what ambient magnetospheric conditions
are present. For lower altitudes, below 1600 km, we ﬁnd that the densities are higher when Titan is located
in the magnetospheric current sheet of Saturn, compared to when in the lobe regions and irrespective of the
SLT. These diﬀerences are present after we have corrected the data from biased sampling at diﬀerent SZAs
and solar energy ﬂux. The diﬀerence in density between the nightside and the dayside is roughly a factor of
2.5. The diﬀerence between ﬂybys in the sheet and in the lobe is approximately a factor of 1.4. We also ﬁnd
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that below 1600 km the highest densities, on average, occur when the ambient conditions are changing a
lot, categorized as changing by Simon et al. [2010] and Simon et al. [2013]. This would suggest that additional
ﬂuxes of particles capable of impact ionization are impinging on Titan at these instances.
The observed diﬀerence in electron density at altitudes above 1600 km between ﬂybys from the dayside and
the nightside of Saturn is likely an eﬀect of the combined thermal and magnetic pressure of the ionosphere
balancing both the dynamic pressure of the corotating magnetospheric plasma and the energetic particle
pressure. The magnetic pressure is higher on the dayside, due to the fact that the dynamic pressure with the
solar wind compresses the magnetosheath and the magnetic ﬂux tubes, which causes the thermal pressure
(and the electron density) to decrease and to be relatively low on the dayside and high on the nightside.
The observed diﬀerence in electron density between ﬂybys in the magnetospheric sheet and in the lobe, at
altitudes below 1600 km, is most likely caused by additional particle impact ionization from sheet electrons.
When Titan is in the sheet region, the density in the deep ionosphere of Titan is generally higher compared
to when Titan is in the lobe region.
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